Abstract. The most common rootstock for Juglans regia (Persian or ''English'' walnut) in California is Paradox, typically a hybrid of J. hindsii (Northern California black walnut) 3 J. regia. Unfortunately, Paradox is very susceptible to Armillaria root disease. The relative resistance to Armillaria mellea of six clonally propagated Paradox rootstocks (AX1, Px1, RR4 11A, RX1, Vlach, VX211) was evaluated and compared with that of clonally propagated J. hindsii rootstock selection W17, J. regia scion cultivar Chandler, and Pterocarya stenoptera (Chinese wingnut). In a growth-chamber assay, plants were micropropagated and rooted in vitro before inoculating the culture medium with A. mellea. At two months post-inoculation, the most resistant and susceptible Paradox rootstocks were AX1 and VX211, respectively, with 9% vs. 70% mortality, and this finding was consistent across three isolates of A. mellea and three replicate experiments. This broad range of resistance within Paradox is consistent with past field trials that tested other genotypes. Our finding of similarly high susceptibility of 'Chandler' and W17 (61% vs. 69% mortality) is in contrast to two field trials, in which other J. regia genotypes were more susceptible than those of J. hindsii. A third trial, however, identified some J. regia genotypes as more resistant than those of J. hindsii. Therefore, it is possible that W17, which was not previously tested, is an Armillaria-susceptible genotype of J. hindsii. Based on our findings of repeatable mortality levels across three isolates of A. mellea and three replicate experiments, the growth-chamber assay has promise, albeit with confirmed resistant and susceptible controls, for identifying putative resistant rootstocks (e.g., AX1) in preparation for a field trial with controlled inoculations.
Armillaria root disease affects orchards in all Juglans regia (Persian walnut)-growing regions of California (Gardner and Raabe, 1963) . The causal agent is Armillaria mellea (Basidiomycota, Physalacriaceae), which attacks walnut and other woody perennial horticultural crops (e.g., stonefruits) (Baumgartner et al., 2011 ). The pathogen kills and then decays woody roots, which in turn reduces crop yield and growth (Baumgartner, 2004) , inhibits nutrient and water uptake (Baumgartner and Warnock, 2006) , and eventually kills infected trees. The primary inoculum consists of mycelium within dead, woody roots left in the soil after infected trees are cleared. This inoculum is persistent in field soil; in orchards and vineyards, viable mycelium has been recovered from 10-year-old or older residual roots (Baumgartner and Rizzo, 2002; Rizzo et al., 1998) . Attempts to eradicate inoculum by soil fumigation indicate that penetration by methyl bromide or carbon disulfide is efficacious within the top 0.3 to 0.6 m of soil, but inoculum buried at greater depths is likely to persist (Bliss, 1951; Munnecke et al., 1981) . The persistent inoculum and lack of effective preventive or curative methods limit yields throughout the life of an infected walnut orchard.
Walnut is not typically grown on its own roots in orchards in California. This is attributable in part to the susceptibility of J. regia to several widespread root diseases (e.g., Armillaria root disease, Phytophthora crown and root rot) (Mircetich et al., 1998) . As such, 80% of walnut orchards are planted on Paradox rootstock, a seed-propagated hybrid of J. hindsii (Northern California black walnut) and J. regia, which is more vigorous, more resistant to some Phytophthora species, and more tolerant of soil salinity than J. regia (McGranahan and Catlin, 1987) . Despite its widespread use, the resistance of Paradox rootstock to Armillaria root disease, crown gall, and Phytophthora crown and root rot is insufficient as evidenced by serious losses to the walnut industry from these root diseases (McGranahan and Leslie, 1990) . Breeding efforts have focused on identifying sources of resistance among J. hindsii and other wild species of black walnut and crossing them with J. regia to develop new clonally propagated, disease-resistant Paradox rootstocks . For example, RX1 (J. microcarpa 3 J. regia) is resistant to Phytophthora crown and root rot . A transgenic approach has also been used , specifically to engineer rootstocks for RNAi-mediated resistance to crown gall (e.g., RR4 11A). However, there are no reports of identified resistance to A. mellea from controlled inoculations of J. regia, J. hindsii, or Paradox rootstocks in the greenhouse or field.
Field trials for Armillaria species require controlled inoculations after plants are established and then 10 years for sufficient evaluation (e.g., Guillaumin et al., 1989) . To identify the most promising sources of resistance before establishing such trials, it is therefore critical to have a rapid and reliable screening assay. A slow and unreliable greenhouse assay has been a barrier to identification of Armillaria-resistant rootstocks for many fruit and nut crops despite repeated attempts at improvement by numerous scientists over the course of many decades (Baumgartner and Rizzo, 2006; Raabe, 1979; Thomas et al., 1948) . A. mellea grows so slowly that the initial stages of the assay (inoculum preparation, establishment of infection) take one year (Redfern and Filip, 1991) . The inoculum, which consists of wood fragments colonized by the pathogen, contains variable concentrations of mycelium and is surprisingly shortlived in the greenhouse, sometimes dying before an infection is established. This results in unequal challenge among replicate plants, which in turn confounds detection of differences between rootstocks. Furthermore, the greenhouse assay does not bring about repeatable symptoms or mortality (Singh, 1980) . Without such measures of resistance, therefore, there are no quantifiable means of comparing rootstocks.
As an alternative to the unreliable greenhouse assay, we used a growth-chamber assay originally developed for grape (Baumgartner et al., 2010) for walnut plants micropropagated in a culture medium that supported both host and pathogen. Our objective was to evaluate six clonally propagated Paradox rootstocks (AX1, Px1, RX1, RR4 11A, VX211, Vlach) for resistance to Armillaria root disease. Paradox rootstocks were compared with a J. hindsii selection, W17, and a J. regia scion cultivar, Chandler, which are presumed to be Armillaria-resistant and Armillaria-susceptible, respectively, based on one field trial in which seedlings of both species, albeit different genotypes than W17 and 'Chandler', were planted in an orchard with a history of Armillaria root disease (Hendricks et al., 1978) . In addition, the Juglans relative Pterocarya stenoptera (Chinese wingnut) was included for comparison, which is highly resistant to P. cinnamomi and P. citricola, and is thus used as a resistant control in screening for Phytophthora resistance (Browne et al., 2011) .
Materials and Methods
Plant propagation and inoculation. Plant genotypes were selected in part based on consistent rooting in vitro and their known or putative levels of resistance to other root pathogens, as reported from past studies ( Table 1) . We evaluated six clonally propagated Paradox genotypes (AX1, Px1, RX1, RR4 11A, VX211, Vlach), one clonally propagated, putative source of Armillaria resistance, J. hindsii selection W17, and one clonally propagated, putative source of susceptibility, J. regia cultivar Chandler. Also included for comparison was one clonally propagated selection of P. stenoptera (also known as 'WN3W', although it is not a hybrid).
Three replicate experiments were conducted with plants for each experiment prop- ]. The plantlets were derived from micropropagated shoot cultures multiplied and rooted in vitro on Driver Kuniyuki Walnut medium (DKW) in Magenta Corp. GA7 containers (75 3 75 3 100 mm) according to the method of Leslie et al. (2010) . Briefly, microshoot cultures of each genotype were maintained on DKW
indole-3-butyric acid) in the dark as etiolated shoots, except for W17 and P. stenoptera, which do not grow well in the dark and so were maintained in the light as green shoots. Etiolated and green shoots cut from these cultures were induced to root on DKW with 25 mM salt of indole-3-butyric acid for 7 d in the dark and then transferred to DKW basal medium (i.e., without hormones) in the light until roots appeared, at which point plants were carefully transferred to individual GA7 containers with fresh DKW basal medium. Plants were grown for 14 d until there were at least three 1-cm-long roots for inoculation. Three isolates of A. mellea were used separately to inoculate all nine plant genotypes in each of the three experiments. Two isolates, CC7 and SJ1, were recovered from symptomatic walnut (Contra Costa County, CA, and San Joaquin County, CA, respectively). From our collection of 12 A. mellea isolates from walnut, these two isolates exhibited similar growth in culture (data not shown). The third isolate, Son3, was recovered from a symptomatic grapevine in Sonoma County, CA, and was examined in a previous experiment screening grape rootstocks from Armillaria resistance using similar propagation and inoculation techniques (Baumgartner et al., 2010) . Inoculum was prepared by homogenizing an A. mellea isolate grown in potato dextrose broth (PDB) with 2.5 mM sodium acetate (7 d, 25°C, 100 rpm) for 30 s and then transferring with a sterile 1-mL glass pipette 100 mL of the resulting homogenate (i.e., mycelial fragments) per plant onto the surface of the DKW medium. Non-inoculated controls were inoculated with 100 mL sterile PDB. In this way, there were four inoculation treatments: CC7, SJ1, Son3, and non-inoculated controls. In a preliminary experiment using this technique to inoculate Vlach, also propagated as described previously, we found the entire layer of DKW basal medium (2 cm thick) became colonized by A. mellea at 2 weeks post-inoculation and that the first plants began to succumb to infection at one month post-inoculation. In the same preliminary experiment, non-inoculated Vlach showed symptoms of nutrient deficiency at two months post-inoculation, at which point it seemed logical to stop evaluations of Armillaria resistance.
For each of the three experiments, there were 15 replicate plants per plant genotype 3 inoculation treatment combination (nine plant genotypes 3 four inoculation treatments 3 15 replicate plants = 540 total plants per experiment). Our measure of resistance was percent mortality, calculated as the proportion of inoculated plants that died within two months post-inoculation out of the total number inoculated. Confirmation of infection was based on recovery of the pathogen in culture. At the time of mortality, roots were carefully separated from the DKW basal medium by submerging the root system embedded within the medium in sterile water to break the medium into smaller pieces and then using a forceps to gently pull roots from pieces of medium. For confirmation of infection, four root tips per plant were plated on water agar within 2 d of plant mortality. On the same day, positive controls of each of the three A. mellea isolates were also plated on water agar for comparison. After 10 d of incubation at 25°C, cultures were examined for A. mellea colonies with the following characteristics: colony diameter of 2 cm, regular colony margin, clampless hyphae embedded in the agar, sparse white aerial hyphae, absence of spores/spore-bearing structures, and the possible presence of immature rhizomorphs (white when embedded in the agar, black when above the surface). Root tips gathered from non-inoculated plants were examined in this same manner on the day of inoculation and at two months post-inoculation Table 1 . Parentage of clonally propagated walnut and wingnut genotypes inoculated with Armillaria mellea, and their resistance/susceptibility to other root diseases, as determined by previous controlled inoculations with the associated pathogens.
Plant genotype Parentage z
Relative resistance to root diseases of walnut Crown gall, Agrobacterium tumefaciens Phytophthora crown and root rot, Phytophthora cinnamomi and P. citricola in each of the three experiments (n = five plants per genotype per experiment). Statistical analyses. Analysis of variance (ANOVA) was used to determine the effects of the independent experiments (i.e., 1, 2, or 3), plant genotype (AX1, Px1, RX1, RR4 11A, VX211, Vlach, 'Chandler', W17, or P. stenoptera), inoculation treatment (CC7, SJ1, Son3, or non-inoculated), and their interactions on percent mortality. ANOVA was performed using the MIXED procedure in SAS (SAS Institute Inc., Cary, NC) with KenwardRoger as the denominator df method (Littell et al., 1996) . All main and interaction effects were considered fixed effects. F values with P < 0.05 were considered significant. Before ANOVA, homogeneity of variance across treatments was confirmed (Box et al., 1978) . After ANOVA, for significant effects (P < 0.05), differences among means were assessed based on the presence/absence of overlap of their 95% confidence intervals, and means without overlapping intervals were considered significantly different (Westfall et al., 1999) .
Results
Among all inoculated plants, the entire DKW basal medium was colonized by A. mellea by 2 weeks post-inoculation based on the presence of the mycelium in the medium as viewed from the base of each Magenta box. At one month post-inoculation, between one and 10 replicate plants succumbed to infection for each plant genotype, except for Paradox rootstock AX1, for which the first plants did not succumb to infection until after one month post-inoculation ( Table 2 ). The pathogen was recovered in culture from roots of all inoculated plants either at the time of mortality (for plants that succumbed to infection within two months post-inoculation) or at two months post-inoculation (for plants that survived). The pathogen was absent from all plants examined on the day of inoculation and was also absent from all non-inoculated plants examined at two months post-inoculation based on the inability to recover A. mellea from roots plated on water agar (data not shown). None of the non-inoculated plants showed symptoms or died at any point during any of the three experiments.
ANOVA identified significant differences in percent mortality between plant genotypes (P < 0.0001). There were no significant main or interaction effects of experiment (P values all $ 0.20) nor were there significant main or interaction effects of A. mellea isolate (P values all $ 0.07). As such, our findings were consistent across three replications of the experiment and among all three isolates of A. mellea. The plant genotype with the lowest level of mortality was Paradox rootstock AX1 with mortality of 9.25% at two months post-inoculation (n = 135 plants, summed across all three isolates and all three experiments; Table 2 ). AX1 had significantly lower percent mortality than VX211, which had the highest percent mortality among all six Paradox rootstocks (61.11% mortality; n = 135 plants, summed across all three isolates and all three experiments). After two months, depending on the isolate of A. mellea, there were only three to five dead AX1 plants out of 45 inoculated. This is in contrast to an average of 25 to 41 dead VX211 plants out of 45 inoculated. AX1 also had significantly lower percent mortality than the non-Paradox genotypes, 'Chandler', W17, and P. stenoptera. Throughout each of the three experiments, replicate plants of AX1, Px1, RX1, and Vlach that survived infection had relatively healthy-looking foliage (Fig. 1 ). Stunting and wilting at two months post-inoculation was more evident in RX1 and Vlach than in AX1 and Px1.
There were relatively consistent levels of mortality for AX1, W17, and P. stenoptera among plants inoculated with the three isolates of A. mellea (Table 2 ). For these three plant genotypes, percent mortality varied among isolates within a genotype by 3.9%, 5.6%, and 6.4%, respectively. In contrast, variation among isolates was greater for VX211 and RR4 11A (34.85% and 42.42%, respectively), although these differences were not significant based on the results of ANOVA (main and interaction effects of isolate with P values $ 0.07).
Discussion
AX1 had the lowest percent mortality of all nine walnut rootstocks, and this finding was consistent for three isolates of A. mellea and in three replicate experiments. Our finding of significantly greater resistance of AX1 than VX211 may reflect the different maternal parents of these Paradox rootstocks (J. californica and J. hindsii, respectively). The broad range of resistance that we found among six clonally propagated Paradox rootstocks, 9% vs. 70% mortality (n = 135 plants per rootstock, averaged across isolates and experiments), is consistent with past field trials, in which other genotypes were tested. In one field trial, among seedlings from six different seed sources of Paradox, mortality ranged from 0% to 25% (n = five to 20 trees per rootstock) and was similar to that of seedlings from three cultivars of J. regia, which ranged from 5% to 23% (n = 20 to 40 trees per rootstock; Reil, 1997) . Two other field trials had contrasting findings for the relative resistance of Paradox, which was found to be either Armillaria-susceptible (61% seedlings infected) (Hendricks et al., 1978) or Armillaria-resistant (0% mortality) (Teviotdale and Sibbett, 1999) , relative to J. regia. As such, not all Paradox genotypes are more resistant than those of J. regia.
The growth-chamber assay brought about reliable infection of all inoculated plants and repeatable mortality levels across different isolates of A. mellea and replicate experiments. Because all three experiments were conducted in the course of one year, this assay may serve as a screening technique for narrowing the list of candidate rootstocks for a long-term field trial. The greenhouse assay for A. mellea, in which the plant is rooted in a soil-based medium and the inoculum consists of infected wood buried in the soil, certainly appears to mimic the natural state of infection in the field. In practice, however, it is demonstrably slow and unreliable for comparing walnut rootstocks (Thomas et al., 1948) . Nonetheless, despite the rapid and reliable qualities of the growth-chamber assay, it may better reflect certain aspects of resistance than others. For example, it may not accommodate the possible effects of root vigor on resistance, because all root surfaces are completely surrounded by the pathogen, hence the need for a field trial with controlled inoculations to confirm the resistance of AX1. An environment in which a root system can develop naturally may evaluate a broader range of factors of resistance than agar-based medium that is saturated by A. mellea mycelium.
It is important to keep in mind that all past field trials on walnut in California were conducted in infected orchards without controlled inoculations (Hendricks et al., 1978; Mircetich et al., 1998; Reil, 1997; Teviotdale and Sibbett, 1999) . The inoculum of A. mellea is not uniformly distributed in field soil (Baumgartner and Rizzo, 2002) . Without inoculation, therefore, it is difficult to verify that all plants are equally challenged (i.e., inoculated with the same inoculum concentration at the same time). The mere presence of inoculum is insufficient, as experiments in field soil with artificial inoculum have shown (e.g., Guillaumin et al., 1989) . The percentage of plants that become infected and the course of symptom development can vary significantly depending on the levels of inoculum and on the distance between healthy roots and the depth at which inoculum is buried in the soil (Redfern and Filip, 1991) . Without inoculation, one can maximize the probability of infection by planting study trees in place of dead/symptomatic trees. However, roots may encounter inoculum and then become infected at different times. Furthermore, plants that ''escape'' infection because they were not planted near inoculum may be incorrectly categorized as resistant, especially if they are never examined for signs of the pathogen. Lastly, the slow-growing habit of A. mellea means that foliar symptoms and mortality (i.e., measures of resistance) are unlikely to develop within several years of infection. Indeed, the few published field trials with controlled inoculations were carried out for at least 10 years (for e.g., for stonefruits; Guillaumin et al., 1989) .
Our finding of similarly high susceptibility of genotypes of J. hindsii and J. regia is in contrast to past reports from two field trials. Past field trials did not test W17 or 'Chandler', but instead other genotypes (seedlings from different seed sources, specifically) of J. hindsii and J. regia, so at best we can make comparisons at the plant-species level. Teviotdale and Sibbett (1999) determined, at four years after planting (n = 10 trees per rootstock), that J. hindsii was more resistant (0% mortality) relative to J. regia 'Sunland' (20% mortality). Similarly, Hendricks et al. (1978) determined, at six years after planting (neither sample sizes nor mortality rates reported, however), that J. hindsii from one seed source had a much lower rate of infection (24%) compared with J. regia 'Eureka' (71%). A third field trial by Reil (1997) demonstrated overlapping ranges of resistance within each species in evaluating seedlings from multiple cultivars of J. regia and more than one seed source of J. hindsii. At 10 years after planting, the resistance of three J. regia cultivars ranged from 5% to 23% mortality for 'Amigo' (n = 20 trees) vs. 'Manregian' (n = 40 trees), respectively. The two seed sources of J. hindsii had only a slightly lower range of mortality: 1% to 15% (n = 20 to 40 trees per rootstock). Nonetheless, some seed sources of J. hindsii were more susceptible than J. regia. Therefore, it is possible that W17 is a susceptible genotype of J. hindsii and, thus, should not be used as a putative-resistant control in future growth-chamber assays.
No single walnut rootstock is likely to solve all root-disease problems. AX1, which was the most Armillaria-resistant Paradox rootstock, has exhibited high levels of susceptibility to P. cinnamomi and P. citricola in greenhouse evaluations . VX211, which was the most Armillaria-susceptible Paradox rootstock, is very tolerant of both Meloidogyne incognita (root-knot nematode) and Pratylenchus vulnus (lesion nematode) (Buzo et al., 2009 ). For management of Armillaria root disease, therefore, rootstock selection may not be the best single strategy given that none of the plant genotypes we evaluated were immune to infection by A. mellea. Certainly, pre-plant sanitation is important in orchards with a history of Armillaria root disease. Measures that reduce residual root concentrations, either through soil fumigation or ripping the soil to bring the largest residual roots (i.e., the greater sources of substrate) to the surface for removal, will minimize the chances of infection. However, because there are also no effective postinfection controls, a continued focus on identifying Armillaria-resistant walnut rootstocks, using the approach reported here, may identify rootstocks that resist not only this pathogen, but also additional root pathogens. The pathogen is visible on the surface of the tissue-culture medium as white-to tan-colored aerial mycelium.
